Almost all patients who receive cochlear implants have some acoustic hearing prior to surgery. intensity. To tones at low frequencies and low to moderate intensities the major source of distortion was 10 from neural phase-locking which was sensitive to kainic acid. At high intensities at all frequencies the 
INTRODUCTION

Sound Stimulation and Evoked Potential Recording
126
Both the sound tube and recording electrode were connected to a Bio-logic Navigator Pro (Natus
127
Medical Inc., San Carlos, CA), which generated acoustic stimuli and made recordings using its auditory 128 evoked potential hearing diagnostics software. Acoustic stimuli were presented to the sealed ear canal 129 using Etymotic ER-3 speakers. The speakers are calibrated for sound delivery to human listeners though 130 insert earphones, so calibration for the animal studies was performed through a probe tube connected to the end of the sound tube at the entrance of the bony ear canal. Sounds were recorded at this location 132 using a 0.25-inch Bruel & Kjaer microphone (Naerum, Denmark). The amplitudes measured were 133 corrected for the probe tube transfer function as determined prior to the experiments using couplers.
134
Stimuli were tone bursts of varying frequency and intensity (in terms of sound pressure) presented in 135 alternating condensation and rarefaction starting phases. Frequencies were 250, 375, 500, 750, 1000, 136 1500, 2000, 3000 and 4000 Hz. These frequencies are relatively low for gerbils which can hear up to 137 ~50 kHz (Ryan 1976 ) but contain the range most often encountered in human recordings from cochlear 
145
Recordings were made using a Disposable Tapered Monopolar Probe (Neurosign Surgical) with 146 an exposed length of 200 um and a tip diameter of 500 um. This stainless steel electrode is the same as 147 those used in human recordings from the round window (Choudhury et al. 2012 ). In both humans and 148 gerbil it can be placed by the surgeon to rest within the round window niche. Recordings consisted of 149 512 points collected with different sampling rates depending on duration (8,000-48,000 samples/s). The 150 averaged responses to condensation and rarefaction starting phases were stored in separate buffers.
151
Recordings were started 4 ms prior to stimulus onset and the recording epoch was 32 ms for each 152 stimulus. Filters were high-pass at 10 Hz and low-pass at 5,000-15,000 Hz. Artifact rejection was set to 1.5 mV. The use of the same electrode and stimulus/recording system as the human recordings was 154 intended to make comparisons between the data sets as similar as possible.
155
Kainic acid treatments
156
Kainic acid is an analog of L-glutamate and has an excitotoxic effect on afferent auditory 157 neurons (Bledsoe et al. 1981) . It was shown by Dolan et al., (1989) to eliminate a residual potential 158 leftover after application of tetrodotoxin (TTX) to the RW membrane. This residual potential, 159 displaying similar properties to the CAP, was hypothesized to be the EPSP evoked by the hair cell 160 neurotransmitter. Consequently, to completely remove nerve activity kainic acid is a better choice than 161 TTX.
162
After recording evoked potentials, the recording electrode was removed from the RW niche and 
Data Analysis
172
The raw waveforms from condensation and rarefaction phases were stored separately. A 173 difference curve was determined by subtracting the response to the condensation from the rarefaction (Rayleigh test of uniformity, P <0.001). This p-value was chosen to be comparable to the 3-standard 183 deviation required of the spectral test. Both tests had to be met for the response to be considered 184 significant.
RESULTS
186
All animals had clean middle ears and normal thresholds for sounds in the round window 187 recordings. Figure 2 shows results and analyses of recordings from the round window of a gerbil to a 188 low frequency (750 Hz) and a high frequency (3000 Hz) tone burst presented with alternating phases.
189
The low frequency was at a moderate intensity (43 dB SPL) while the high frequency was more intense
190
(86 dB SPL). For both frequencies, the response to each phase (called raw, only the condensation is large peak at the stimulus frequency and a smaller peak at the second harmonic (1.5 kHz, asterisk).
198
Taking the difference between the condensation and rarefaction response (middle row) emphasizes 199 features that are dissimilar to the two phases. In this case the only peak in the difference curve is at the 200 first harmonic, or stimulus frequency, because these components are inverted in the two phases. Taking 201 the sum (bottom row, equivalent to alternating the phase in most recording systems) emphasizes parts of 202 the signal that are the same to each phase, because the parts that are out of phase add to zero. This is 203 predominantly the second harmonic, and so is twice the stimulus frequency. Note the difference in scale, 204 the size of the second harmonic in this plot is the same as that to raw signal (condensation phase alone, 205 dashed line). In the time series of the summed response a compound action potential is more evident 206 than in the difference plot, indicating that at least part of this neural response was relatively insensitive 207 to the phase of the stimulus.
208
For the high frequency, more intense stimulus (Fig. 2B) , the response was also distorted, but 209 with a different harmonic content. In this case, there was energy at both the second and third harmonics 210 in the raw waveform, with greater energy at the third harmonic. The third harmonic is also present in the 211 difference curve, while in the summed curve, at expanded scale compared to the raw waveform, there is 212 a small fourth harmonic.
213
Following the scheme presented in Fig. 1 , the interpretation of these results would be as follows.
214
The ECoG, or raw waveform to each phase, contains the signal and its distortions derived from hair cell 3A), with some saturation at the highest intensities. The minimum significant response is usually between 0.1-0.5 µV, or between -20 and -10 dB on the scale. For the sum curves (Fig. 3B) 
239
Next, we show similar data averaged across animals (n=13). Again, the difference curves are 240 relatively similar for each frequency (Fig. 3C ). In the summed curves (Fig. 3D) , the transition from the 241 "low frequency" pattern to the "high frequency" pattern occurred between 1000 and 1500 Hz.
242
Third harmonics, produced by distortions that are symmetric around the zero axis, showed 243 differential effects with intensity, but not frequency (Fig. 4) . For both the low and high frequency tones 244 at a high intensity (top row) the third harmonic was prominent in the raw condensation curves. The 245 presence of a prominent third harmonic at high intensities for both low and high frequencies indicates 246 that hair cell saturation was the source of the distortion. At a moderate intensity (middle row), the 247 distortion to both frequencies was dominated by the second harmonic. The second harmonic signal in 248 the high frequency must be due to hair cell rectification, because it is above the range of the ANN. In the 249 low frequency signal the second harmonic should contain both hair cell and ANN distortion. To a low 250 intensity, the low frequency still showed a large second harmonic distortion, while the high frequency 251 showed almost no distortion. The low frequency distortion is presumed to be due to the ANN.
252
In the previous figures, stimulus levels were plotted relative to a constant response threshold to 253 account for differences in sensitivity across frequencies. These differences are shown in Fig. 5 , where the threshold for a 1 µV response threshold at each frequency are shown relative to the dB SPL that 255 produced them. For the first harmonic, taken from the difference curves, the 1 μV thresholds were 256 higher for frequencies from 250-500 Hz than for 750 Hz and above. These increases at the lowest 257 frequencies are consistent with the gerbils' audiogram (Ryan 1976 ). For the second harmonic, taken 258 from the summed curves, thresholds were lowest at 750 and 1000 Hz. These frequencies correspond to 259 those where the ANN was present and thresholds were lowest. The second harmonic thresholds to lower 260 frequencies increased despite the presence of the ANN because of lower sensitivity, while those to 261 higher frequencies increased because of the lack of an ANN. The third harmonic threshold was at a high 262 level across frequencies, consistent with the relatively high levels required for hair cell saturation. due to the ANN. At higher sound levels there was a considerable ongoing response both before and after
272
KA. This result indicates that at higher levels the second harmonic distortion has contributions derived 273 from distortions in hair cell transduction. The third harmonic was also present at high intensities after
274
KA treatment (not shown).
275
Further examples and summary data are presenting in Fig. 7 . To a low frequency tone burst ( Fig.   276 7A), the KA caused a small loss of response at low and moderate levels to the first harmonic (left), while the response loss to the second harmonic at low levels was nearly complete (right). The change in 278 the second harmonic between the pre and post treatment data at this low frequency resembles the 279 difference between low and high frequencies previously presented (Fig. 3B) , i.e., the post KA response 280 to this low frequency resembles a high frequency response. The change in the difference curve is 281 presumably also due to the loss of the ANN, showing that neural phase-locking contributes a 282 considerable proportion to the first harmonic in the ECoG at this low frequency. To a 3000 Hz tone the 283 KA had virtually no effect on either the first or second harmonic ( 
327
Each of these potentials is also seen in human audiological recordings and is of clinical importance. In 328 contrast to these potentials, the ANN has received relatively less attention. While it has been previously show that only to low frequencies and low intensities is the ANN is the main source of distortion, while 336 at low frequencies and high intensities, and at high frequencies and all intensities, the CM is the main source. Interestingly, for all frequencies the hair cell transduction began to add to the distortion at a 338 constant level of about 30-40 dB above the 1 µV response threshold (Figs. 3 and 7) . In the gerbil, this 339 corresponds to 40-50 dB SPL for frequencies of 1 kHz and above, and higher levels for lower 340 frequencies where the response thresholds increase (Fig. 5) . The pattern is roughly equivalent to the 341 gerbil's audiogram (Ryan, 1976) , so the sound level where hair cell transduction begins to contribute to 342 the distortions are expected to vary by species.
343
The fact that the distortions occur at a constant response level independent of frequency suggest 344 that they are primarily due to hair cell transduction, rather than as a result of non-linear basilar The range of phase-locking in the current experiments showed an abrupt drop-off between 1000 384 and 1500 Hz (Fig. 3D and 7 ). This is a reasonable match for the cut-off frequency seen in populations of In this report we have clarified results that will need to be modeled, but can offer only a few comments 407 on the underlying parameters. First, the KA data shows that hair cell transduction must be the 408 predominant source of distortion in the RW ECoG at high frequencies and in all frequencies at high 409 intensities (Fig. 7) . Thus, despite spread of excitation to high-frequency regions where stereociliary 410 movement would be expected to be in the linear range, the rectification and saturation of this movement 411 is still a prominent component of the total signal. In animals or humans with high frequency hearing 412 loss, where the spread of excitation is limited, the distortion could be expected to make a larger 413 proportion of the total response 414 Spread of excitation is likely to affect the shape of the rectified response, which has a large 415 influence on the harmonics in the ANN. In Fig. 1 , the shape of the rectified response used in the 416 convolution is less than is typical for an auditory nerve fiber, as can be seen because the response is 417 spread across more than a ½ cycle. This shape is reasonable because the contributions from 418 suprathreshold stimuli will include some extent of the cochlea, which due to traveling wave phase delays 419 will spread the response in time. When modeling the convolution we found that if the shape of the 420 rectification had a synchrony more nearly approaching that of a single auditory nerve, the convolution 421 produced more energy at the third harmonic, although the second always predominated. 
Russell 1986).
443
With one exception that we are aware of, the ANSP has generally not been considered to be an threshold, will activate a large fraction of auditory nerve fibers with many firing at a high rate.
461
Despite differences in absolute sign across cases, within cases the direction of change of the 462 envelope response due to ANSP was consistent across intensity (see Fig. 9D ). At some 463 frequency/intensity combinations the sign of the envelope DC could change from positive to negative 464 after KA (again, as in Fig. 9D ). These results suggest that the variance in sign across cases may be due 465 to electrode configuration. We placed the return electrode on an exposed neck muscle, but not connections between hair cells and nerve fibers. In contrast, the round window recordings can also 500 detect hair cell responses not connected to auditory nerve fibers. Until recently, it was thought that hair 501 cells were the part of the system most sensitive to noise damage, and so would contribute little 502 information not available in audiograms and ABRs. However, subjects with auditory neuropathy 503 spectrum disorder have functioning outer hair cells but disorders of transmission between inner hair cells 504 and nerve fibers (Starr et al. 1996) . In addition, it has been shown in mice and guinea pigs that the part 505 of the system most sensitive to noise trauma is the synapse between hair cells and nerve fibers rather ECoG is at the second harmonic and is sensitive to KA, and is therefore due to neural phase-locking that 526 produces the ANN. The shape of the cycle histogram is constant across intensity, and so is only shown once. The ECoG for 679 each intensity is then the sum of these different sources. shown in different rows, and the time series, phase, and frequency spectra are in different columns. In 685 the frequency spectra of the difference and summed curves the response was considered significant if 686 the peak was higher than the small circle, which is the noise level plus three standard deviations.
687
Significance was also computed from the phase curve using circular statistics, using a Rayleigh and 15 dB SPL for 3000 Hz). Top row. To a high intensity of both the low and high frequency tones,
708
there was distortion in the waveform that included a large third harmonic, as well as higher harmonics.
709
The presence of a prominent third harmonic indicates that hair cell saturation contributed to the 710 distortion (see Fig. 1C ). Middle Row. To a moderate intensity, the distortion to both frequencies was 711 dominated by the second harmonic. Second harmonic distortion can arise from either hair cell or neural 712 rectification (see Fig. 1B ). Bottom row. To a low intensity, the low frequency still showed a large 713 second harmonic distortion, while the high frequency showed almost no distortion. The distortion at low 714 frequencies is presumed to be due the ANN (see Fig. 1A ). 
722
At the lowest sound level there was a large ongoing response PreKA that was completely blocked by the 723 KA, but at both of the higher levels there was a considerable ongoing response both before and after 724 kainic acid. and there was little change in threshold in either the difference or summed curves across frequencies.
739
With the kainic acid treatment there was some overall loss of response at most frequencies, which was in 740 general not significantly different from controls except to low frequencies. Bars are standard error.
741
Asterisks indicate level of significance in 2-tailed t-tests: *=p<0.05, **=p<0.01, ***=p<0.001 (two-742 tailed). is no CAP apparent in the time series, and at the lower intensity little or no second harmonic is evident.
763
In the frequency spectrum of the more intense sound there is both second and third harmonic. 
